Using the algebraic formula derived earlier to determine the electroosmotic permeability of an ionexchange membrane at a given constant current density, experimental results obtained by the authors for an extrusion perfluorinated membrane and aqueous solutions of the 1 : 1 electrolytes HCl, NaCl, KCl, LiCl, and CsCl have been analyzed. A cell model has been successfully tested using experimental data on the electrical conductivity and electroosmotic permeability of the MF-4SC cation-exchange membrane at given current density and concentration of these electrolytes. A good agreement between the theoretical and experimental data has been obtained, and the physicochemical parameters of the cell model have been determined.
INTRODUCTION
Electroosmotic permeability (EOP) significantly affects the use of proton exchange membranes in fuel cells. The loss of water by such membranes can lead to overheating of the fuel cell and the degradation of the membranes themselves. From this point of view, knowledge of the nature of change in EOP with varying water content and electrolyte concentration is extremely necessary, as well as that of the geometric and physicochemical characteristics of ion-exchange resins (in the case of heterogeneous membranes) or gel phase (in the case of homogeneous membranes). The cell model of the ion-exchange membrane (IEM) developed in [1, 2] showed its effectiveness in calculating the specific electrical conductivity and electroosmotic permeability of perfluorinated membranes MF-4SC cast from a polymer solution in the pure form or modified with halloysite nanotubes and metal nanoparticles using dimethylformamide as a solvent [3] . The physicochemical and geometrical parameters of the membranes obtained in this case are within acceptable limits and make it possible to calculate the conductivity and electroosmotic permeability depending on the electrolyte concentration, ion exchange capacity of the membrane, and its water content. Note that such results play an important role in studying and predicting the properties of any IEM modified with inorganic nanoparticles and/or nanotubes, since in practice there is a nonmonotonic dependence of the transport, mechanical, and structural properties of hybrid composites on the amount of nanodispersed inclusions [4] .
In terms of the cell model, IEMs are simulated by an ordered array of charged porous spheres immersed in spherical liquid shells-cells. The determination of the Onsager kinetic coefficients for a layer of finite thickness h consisting of such spheres (Fig. 1 ) is reduced to solving the boundary value problem for the system of Stokes, Brinkman, and Nernst-Planck-Poisson equations [2] describing the flow of a binary and, in the general case, asymmetric electrolyte through a unit cell of radius b, in the center of which there is a porous spherical particle of radius a with a constant density of fixed charge (ion-exchange capacity) ρ V (Fig. 2) . The radius b of the liquid shell is chosen so that the ratio of the particle volume to the cell volume is equal to the volume fraction of the gel (ion-exchange) phase. We used the Kuwabara condition (absence of vorticity) at the boundary of the liquid shell and the conditions of continuity of the velocity, the radial component of ion fluxes, and the total stress tensor at the boundary between the porous particle and the electrolyte solution.
In this work, we applied the developed particle-incell model to characterization of the MF-4SC extrusion cation-exchange membrane in contact with aqueous solutions of HCl, NaCl, KCl, LiCl, and CsCl of different concentrations. Thus, in contrast to the previous study [3] , in which three different sulfonic cation-exchange membranes were studied with same electrolyte (HCl), in this work the same cationexchange membrane was characterized using five different electrolytes having a common anion (Cl − ). Here, the model was tested using experimental data obtained by measuring the electroosmotic permeability and electrical conductivity of the chosen membrane in the aforementioned electrolytes.
THEORETICAL
To study nonequilibrium isothermal transport processes through IEM, we choose as thermodynamic driving forces the gradients of pressure electric potential , and concentration Here, the subscripts 1 and 2 refer to the left and right sides of the membrane in a measurement cell filled with an electrolyte solution ( .
namic parameters will be the flux densities of solvent (for example, water) U, mobile charges (electrical current density) I, and solute (density of the diffusion electrolyte flux) J. Then the phenomenological transport equations can be written in the following form [5] :
(1)
As noted above, kinetic coefficients L ik are calculated using the formulas obtained for the heterogeneous cell model, which takes into account the inhomogeneous structure of an ion-exchange membrane [1] [2] [3] . In this case, the matrix of kinetic coefficients is symmetric by virtue of the Onsager reciprocity relation L ik = L ki [5] .
It is known that solvent (in particular, water) transport mechanisms can be different and depend on the hydrophilic properties of IEM and on the degree of hydration of the transferred ions. Electroosmotic permeability D I at a constant current density is the quantitative characteristic of electrically driven transport of water through a membrane, which is usually measured in the experiment. It is equal to the ratio of the volume of transferred fluid ∆V to the quantity of electricity passed through unit area S of the membrane per unit time: (2) where I is the current density and τ is the current passage time. The value of D I is linearly related to the transport number of water t w (mol H 2 O/F), which rep- U resents the number of moles of water transferred with 1 eq of ions (F = 96 485 C/mol):
where cm 3 is the molar volume of water.
In [3] , we established a relationship between the D I and the kinetic coefficients L 12 and L 22 (see Eqs. (1)): (4) An expression for the coefficients L 12 and L 22 for the general case of a nonideal membrane were obtained in [2] . In this paper, they will be given only for the limiting case of the ideally selective (permselective) cationexchange membrane (the case of excluded coions) and 1 : 1 electrolyte:
In accordance with Eq. (4), the expression for D I is easy to obtain by dividing Eq. (5) by (6): (7) Here, is the macroscopic porosity of the membrane, denotes the diffusion coefficients of electrolyte ions in a dilute solution, is the diffusion coefficient of the counterion (cation in the given case) in the gel (ion-exchange resin particle), is the membrane exchange capacity, is the characteristic exchange capacity of the problem (for real membranes, the inequality holds), is the specific hydrodynamic permeability of resin bead (gel), is the dynamic viscosity of the solution, R is the universal gas constant, T is the absolute temperature, and C 0 is the equivalent concentration of the electrolyte solution in equilibrium with the membrane. It should be pointed out that Eqs. (5)- (7) include neither coion diffusion coefficient nor equilibrium distribution coefficient of a pair of ions in the membrane, since the permselective membrane is assumed to be ideal [1, 2] .
In [3] , it was found that approximate Eqs. (5)-(7) work well for real (nonideal) membranes, as we will see in the cases of different electrolytes and the MF-4SC extrusion (not cast) membrane under consideration. We also note that Eq. (7) relating electroosmotic permeability D I to the concentration of a 1 : 1 electrolyte solution is hyperbolic and monotonically decreases to zero with an increase in C 0 . However, the inverse quantity 1/D I linearly depends on the electrolyte concentra-tion, so that it can be used for rapid analysis of experimental data on the reciprocal of the water transport number with varying concentration:
The electroosmotic permeability D I of membranes at a constant current density and the water transport number t w in the experiments were determined by the volumetric method [6] in a two-compartment cell with polarizing silver/silver chloride electrodes (Fig. 3 ). The cell consists of two semicompartments I and II with a capacity of 100 mL each, made of plexiglass. The chambers are equipped with horizontally placed measuring capillaries 3 and funnels 8 for filling the cell with the working solution. The compartments accommodate polarized silver/silver chloride electrodes 2 made of a silver plate coated with a silver chloride
layer. The tightness of the setup is provided by thin rubber gaskets sandwiching membrane 1, which is a disk of a 3.3 cm diameter with a working area of S = 1.778 cm 2 . The cell was checked for tightness after each assembly and filling with a solution by holding for 15-20 min without applying an external electric field. When filling the cell with the solution, special attention was paid to the removal of air bubbles forming on the walls of the compartments, since the bubbles can introduce an error in measuring the changes in the volume of liquid during the experiment. To eliminate concentration polarization, the solutions in the cell were agitated with magnetic stirrers 7. After assembling the cell and filling it with a solution, a direct current measured with milliamperemeter 6 was applied from rectifier 4 and the movement of the fluid meniscus in the measurement capillaries was recorded every 2-3 min, depending on the current density.
Changes in the volume of the solution in the cell compartments, as measured in a quasi-steady state at a given current density, were used to calculate the electroosmotic permeability D I and values of the water transport number t w in accordance with Eqs. (2) and (3) . It should be noted that the time taken to achieve the quasi-steady state, characterized by equality in absolute value of the decrement in fluid volume in one capillary and the increment in volume in the other capillary, was 15-60 min. The results were reproduced several times and then averaged. In order to avoid side reactions resulting in the formation of gaseous products, which could occur on the electrodes in addition to the main processes of silver deposition and dissolution and lead to a distortion of the measured volumes, the polarity of polarizing silver/silver chloride electrodes was reversed after each experimental run. In the case of partial loss of reversibility by silver chloride electrodes, accompanied by the release of gaseous products on them, the electrodes were regenerated according to the procedure described in [7] .
The membrane electrical conductivity κ (S/m), which coincides with the kinetic coefficient L 22 , was calculated from data on the sample resistivity measured using the mercury probe technique [8] at an ac frequency of 50-500 kHz. The ac frequency to ensure the equality of the imaginary component of the cell impedance to zero was chosen individually for each sample and each concentration of the equilibrium solution. The static exchange capacity of the membranes was measured by the method of equilibrium displacement with an excess of titrant.
MODEL TESTING AND DISCUSSION
OF RESULTS The parameters of the particle-in-cell model were determined by applying Eqs. (6) and (8) to the case of perfectly selective cation-exchange membrane (γ m = ∞) for simplicity. This approach showed its effectiveness in our recent work [3] . On the basis of the experimentally found relationships of conductivity and water transport number t w (C 0 ), three unknown parameters were found by minimizing the mean square deviation of the objective function f(C 0 ) from its experimental values at different electrolyte concentrations,
Here, H(x) is the Heaviside unit function and C 1 and C 2 are the auxiliary concentration values selected to be such that the functions t w (C 0 ) and κ(C 0 ) do not overlap each other. In the cases considered in this paper, the concentrations were taken to be C 1 = 2 and C 2 = 6 mol/L. To optimize function (9) according to the parameters , a program was written that uses the standard FindFit procedure of the Wolfram Research Mathematica computational shell. The output was the optimal set of these parameters, which are presented in Table 1 . Thus, the (automatic) algorithm described here for determining the parameters of the cell model is based on the simultaneous minimization of the deviations of the theoretical from experimental values for both t w (C 0 ) and κ(C 0 ) functions at once. Note that the quality of optimization can be controlled by normalizing the functions t w (C 0 ) and κ(C 0 ), which enter Eq. (9), and the corresponding arrays of experimental data to the maximum values of these parameters. In this way, the "weight" of errors for each of the described relations is leveled off. The advantage of the proposed integrated approach to determination of the physicochemical parameters of the membrane system as compared to the multistage approach presented earlier in [9] for a homogeneous membrane model is that the accuracy of determining the parameters increases. Thus, not only the diffusion coefficient of the counterion can be confidently found, but also the diffusion coefficient of the coion (already using exact formulas for a nonideal membrane), the value of which is much less (by one or two orders of magnitude) [3] . At the same time, the number of parameters to be determined increases from three to five (the coion diffusion coefficient D m− and the equilibrium distribution coefficient γ m are added) and the parameters found using approximate formulas (6) and (8) are set as initial approximations for optimization by exact formulas. Another advantage is the stability in operation of the new numerical procedure when changing the initial approximation data for the parameters sought. The stability is achieved because of the more "stiff" construction of expression (9) subject to optimization. Figure 4 presents the results of comparison of the theoretical curves for the water transport numbers and membrane conductivity on one hand and the experimental values of the same characteristics as a function of electrolyte concentration on the other hand. There are almost perfect agreement for the parameter t w and, in general, satisfactory agreement for the specific conductivity of the membrane.
It can be seen from Table 1 that membrane macroporosity m 0 depends on the electrolyte used, decreasing in the order NaCl > LiCl > HCl > KCl > CsCl, since the swelling (water uptake) of the membrane also depends on the nature of the electrolyte. At the same time from Fig. 4 it follows that the water transport numbers for different electrolytes are arranged in a slightly different descending order, namely, LiCl > NaCl > CsCl > KCl > HCl, which indicates a complex dependence of t w not only on porosity, but also on the 0 0 m+ , , , D m ρ Stokes radius of the counterion (penultimate column of Table 1 ) and its diffusion coefficient in the resin bead (third column of Table 1 ).
Let us now estimate the hydrodynamic permeability of cation-exchange resin beads from the found values of the characteristic exchange capacity using the quantity equation
The obtained values of k D make it possible to estimate the Brinkman radius in the resin bead (last column of Table 1 ); i.e., the characteristic depth to which the flow penetrates into the porous particle upon its contact with a moving fluid (in the rest of the porous bead, the liquid is almost at rest). This radius of 0.69 Å is the smallest for the membrane saturated with cesium chloride (the Stokes radius of cesium is also the smallest of all alkali metals whose salts we consider here), and the membrane with lithium chloride has the largest Brinkman radius of 2.61 Å (with lithium being the largest alkali metal cation, the salt of which was used in our experiments). The Stokes radius of the proton is as small as 0.253 Å, the radius of the hydroxyl anion is 0.443 Å, and that of the chloride anion is 1.20 Å [10] . At the same time, the Stokes radius of the oxygen ion is 1.32 Å and the radius of the water molecule is 3.1 Å.
Comparing these values with the Brinkman radius, we conclude that chlorine and oxygen anions and lithium cation will be able to pass through cation-exchange resin beads, just as protons and hydroxyl ions can do this "one by one" in the case of occurrence of the water splitting reaction, which requires high local electric field strengths. Consequently, the transport of water and electrolyte ions can occur mainly in the macropores between resin beads, and the greatest electroosmotic transport of water is observed for lithium chloride due to the aforementioned features. It should be noted that in this case the diffusion coefficient of the proton or the potassium cation in the resin bead is smaller by a factor of about 11 and the mobilities of lithium and sodium cations are lower only by a It is of undoubted interest to compare the found parameters of the cell model for the HCl electrolyte in the case of the extrusion MF-4SC membrane and a similar membrane prepared by casting with the use of dimethylformamide [3] (last row in Table 1) , which are at our disposal now. The cast membrane is looser in structure, since its macroporosity m 0 is 2.5 times higher than that of the extrusion membrane, and the hydrodynamic permeability of the resin bead is also MEMBRANES AND MEMBRANE TECHNOLOGIES Vol. 1 No. 5 2019 FILIPPOV, SHKIRSKAYA higher. At the same time, the proton diffusion coefficient is larger by a factor of 1.5 in the cation exchanger beads (gel body) of the extrusion membrane.
Water transport through IEMs has been intensively studied for a long time by different researchers. For example, Zlotorowicz et al. [11] described experiments on the reverse electrodialysis of aqueous solutions of NaCl in terms of thermodynamics of irreversible processes, which allowed them to relate the permselectivity of an ion-exchange membrane to the salt and water transport numbers and the molality of solutions on both sides of the membrane. Porada et al. [12] , likewise, experimentally studied osmotic and electroosmotic water transport in the case of electrodialysis through specially prepared reinforced polymer cation-and anion-exchange membranes [12] . They showed that the use of a mesh inside such membranes can reduce osmotic water transport because of a decrease in surface area and a weaker membrane swelling. Falina and coworkers [13] , using the capillary IEM model, evaluated the transport numbers of free water through the membrane using the electric double layer (EDL) theory and the physicochemical and structural characteristics of the membrane. However, in the region of low concentrations of the electrolyte solution (when the influence of EDL is the most significant), only qualitative agreement of the results was obtained, and quantitative coincidence was achieved only at concentrations exceeding 1 mol/L. Meanwhile, it is the electrolyte concentration range of 0.01-1 mol/L that was used by the cited authors to determine the membrane characteristics. In our cell model, in which the influence of EDL is effectively replaced by electric potential and concentration drops, the applicability limit of the equations obtained is determined by the ratios between the EDL thickness, the radius of the porous particle, and the Brinkman radius-the width of the active filtration zone of the electrolyte solution. The estimates show that the results obtained using the cell model are highly reliable at an equilibrium electrolyte concentration greater than 0.05-0.1 mol/L.
CONCLUSIONS
The adequacy of the cell model as applied to the sulfonated cation-exchange membrane MF-4SC, obtained by extrusion, has been tested. For verification, a new coupled algorithm was used to determine the physicochemical and geometric parameters of the cell model on the basis of data on both the electrical conductivity of the system and the water transport numbers (electroosmotic permeability). The calculation results are in satisfactory agreement with the available experimental data for the structurally homogeneous perfluorinated membrane MF-4SC, obtained by extrusion, and five different electrolytes with a common anion (HCl, NaCl, KCl, LiCl, CsCl). In further investigation, it is supposed to test the cell model as applied to the heterogeneous ion-exchange membranes MK-40 and MA-41.
The possibility of calculating the electroosmotic flux of water/water transport numbers using finite algebraic formulas with parameters that have a clear physical meaning is important not only in electromembrane processes, but also in calculations of electroosmotic pumps in microfluidics [14] , in determination of water content in food products during their long-term storage [15] , and analysis of reduction of fluid transport through concrete [16] , since excessive moisture leads to corrosion of metal reinforcement and premature degradation of concrete. From this point of view, the cell model considered in this paper will be extremely useful in the aforementioned practical cases, as well as in other situations related to controlling the moisture content in a porous medium with the use of an external electric field. Note that the capillary model of a porous medium can be an alternative to the cell model. The capillary model can be constructed by considering an electrolyte flow in a flat slot with charged walls [17] and subsequent averaging over a given pore size distribution. FUNDING This work was supported by the Russian Foundation for Basic Research, project nos. 17-08-01287 and 19-08-00925 for the theoretical and data processing part and the experimental part, respectively.
